Alternative oxidase (AOX) is a terminal oxidase found in all plants, and functions to maintain the electron flux and reduce the production of reactive oxygen species (ROS). Our previous study demonstrated that aluminium (Al) treatment could induce increased expression of the AOX1a gene, but the mechanism of how AOX1a participates in the regulation of Al-induced programmed cell death (PCD) is still not clear. To investigate the possible mechanism, mitochondrial ROS production and the behaviour of mitochondria, as well as caspase-3-like activation were monitored under Al treatment in wild-type (WT), AOX1a-lacking (aox1a), and AOX1a-overexpressing (AOX1a-OE) Arabidopsis. Our results showed that Al treatment increased the expression of AOX1a at both the transcriptional and translational levels. Overexpression of AOX1a reduced mitochondrial ROS production by maintaining the mitochondrial electron flux, and alleviated subsequent mitochondrial dysfunction and caspase-3-like activation in Al-induced PCD. Moreover, it was found that a change in AOX1a level could influence the expression levels of downstream functional genes that play protective roles in Al-induced PCD. Experiments using mutants and inhibitors demonstrated that superoxide anion (O 2 -) derived from mitochondria was involved in Al-induced upregulation of AOX1a gene expression. Taken together, these results indicated that overexpression of AOX1a alleviated Al-induced PCD by maintaining mitochondrial function and promoting the expression of protective functional genes, providing new insights into the signalling cascades that modulate the Al phytotoxicity mechanism.
Introduction
Mitochondria are central to the regulation of cellular energy homeostasis and redox balance, and integrate numerous metabolic pathways that are important in adaptive responses to extreme environmental conditions (Yao et al., 2002; Castello et al., 2007; Noctor et al., 2007; Murphy, 2009) . Respiration is the core process of mitochondrial metabolism in which a large amount of free energy is released and used for ATP production. As in animal mitochondria, the plant electron transport system is composed of five respiratory complexes: electrons are transported from complex I (NADH dehydrogenase) and complex II (succinate dehydrogenase) through ubiquinon and complex III (cytochrome c reductase) to cytochrome c and to complex IV [cytochrome c oxidase (COX)], which produces water; in the energy conserving pathway, ATP is generated by complex V (ATP synthase) (Noctor et al., 2007; Murphy, 2009) . Under adverse stresses, the mitochondrial electron transport system generates oxygen radicals through electron leaks as substrates are metabolized (Yao et al., 2002; Castello et al., 2007; Panda et al., 2008; Murphy, 2009) , and our previous work has demonstrated that complexes I and III are both target sites of Al and are the major sites for Al-induced mitochondrial reactive oxygen species (ROS) production (Li and Xing, 2011) .
As one of the two terminal oxidases in the mitochondrial respiratory chain, AOX is a nuclear-encoded protein that is present as a homodimer in the inner mitochondrial membrane of all plants (Millenaar and Lambers, 2003) . Although AOX is expressed during normal growth and development, it is often dramatically induced at the transcript level by a variety of stresses Noctor et al., 2007; Giraud et al., 2008) . When the cytochrome-dependent electron transport is blocked by stress, AOX helps to maintain the electron flux and to reduce mitochondrial ROS levels (Noctor et al., 2007; Giraud et al., 2008; Grant et al., 2008; Sierra-Campos et al., 2009) . Such flexibility in plant respiration is considered an essential mechanism that makes plants adapt better to stress conditions (Millenaar and Lambers, 2003; Noctor et al., 2007) .
Besides the roles in maintaining electron flux and reducing mitochondrial ROS levels, AOX has been proposed to play a role as a survival protein, by its ability to maintain mitochondrial function, playing a central role in determining ROS equilibrium in cells and plants Amirsadeghi et al., 2007; Giraud et al., 2008) and playing a role in altering growth in response to nutrient availability (Sieger et al., 2005) . It has also been shown that induction of AOX leads to enhanced tolerance to biotic and abiotic stresses (Dutilleul et al., 2003; Amirsadeghi et al., 2007; Giraud et al., 2008) . In AOX1a-lacking plants, the transcripts encoding proteins involved in the synthesis of anthocyanins, transcription factors, chloroplastic and mitochondrial components, cell-wall synthesis, and sucrose and starch metabolism were changed (Yoshida et al., 2007; Giraud et al., 2008) , suggesting a significant change in the basal equilibrium of signalling pathways that regulate these components.
AOX is regulated by several mechanisms at both transcription and post-translation levels, including the ubiquinol redox state, a redox-sensitive sulfhydryl/disulfide system, and activation by α-keto acids (Vanlerberghe and McIntosh, 1997; Moore et al., 2002; Millenaar and Lambers, 2003; Clifton et al., 2005 Clifton et al., , 2006 . Under stress conditions, it is reported that cellular ROS levels may induce AOX expression (Maxwell et al., 1999; Vanlerberghe et al., 2002; Amirsadeghi et al., 2006 Amirsadeghi et al., , 2007 .
Aluminium (Al), a non-essential metal that is widespread in environment, is known to be one of the major factors that limit crop production on acid soil. Al toxicity in plants is believed to be associated with oxidative damage and mitochondrial dysfunction (Yamamoto et al., 2002; Boscolo et al., 2003; Panda et al., 2008; Li and Xing, 2011) . Inhibition of electron flow leading to decreased respiration has been shown in tobacco cells under Al treatment (Yamaguchi et al., 1999; Yamamoto et al., 2002) . Our previous studies have demonstrated that AOX1a, an important member of the Arabidopsis AOX family, can be induced dramatically at the transcript level by Al phytotoxicity (Li and Xing, 2011) . However, there is little evidence for the mechanism of how upregulation of AOX1a is regulated and the dramatic effect of overexpression or underexpression of AOX1a in Arabidopsis response to Al stress. The aim of our present work was to elucidate the roles of AOX1a in the mitochondrial electron transport and mitochondrial dysfunction under Al treatment, providing the new insights into the mechanism of Al phytotoxicity.
Materials and methods

Materials
The plant materials included the wild-type (WT) Arabidopsis (ecotype Columbia), T-DNA-inserted (aox1a; N6707), and overexpressing (AOX1a-OE; N6592) seedlings of Arabidopsis AOX1a (purchased from NASC), and mitochondrial Mn-SOD-lacking mutant msd1 (ABRC, SALK_122275). Semi-quantitative RT-PCR and western blotting were used to determine the effect of T-DNA insertion on the mRNA levels Arabidopsis mutants ( Supplementary Fig.  S1 at JXB online). All the Arabidopsis seedlings were grown in soil culture in a growth chamber (model E7/2; Conviron, Winnipeg, MB, Canada) with 16 h light photoperiod (120 μmol quanta m -2 s -1 ) and 82% relative humidity at 22 °C for 3-4 weeks.
2',7'-Dichlorodihydrofluorescein diacetate (H 2 DCFDA), rhodamine 123 (Rh123), MitoTracker Red CMXRos and MitoSOX Red were obtained from Molecular Probes (Eugene, OR, USA). Fluorescence diacetate (FDA), salicylhydroxamic acid (SHAM) and potassium cyanide (KCN) were purchased from Sigma-Aldrich (Shanghai, China).
Al application
To treat Arabidopsis protoplasts or isolated mitochondria, 0.5 mM AlCl 3 solutions (pH 4.5) at the indicated concentrations were added to 100 µl of protoplasts in 96-well plates and incubated for the required time at room temperature in darkness. To treat Arabidopsis seedlings, the 14-d-old seedlings were grown in the medium either unsupplemented or supplemented with 0.5 mM AlCl 3 solutions (pH 4.5) for the required time at room temperature in darkness.
Unless stated otherwise, all controls were the WT because there was no difference between WT and mutants under untreated conditions. Plant materials were maintained in the dark for Al treatment, and all operations were also performed in the dark to minimize possible oxidative stress caused by light.
Isolation of Arabidopsis mesophyll protoplasts
The procedures were performed according to our previous study (Li and Xing, 2011) . Small leaf strips (0.5-1 mm) in an enzyme solution including cellulase R10 and macerozyme R10 (Yakult Honsha, Tokyo, Japan) were vacuum infiltrated for about 30 min and then incubated in the dark for 3 h. After filtration through a 75 μm nylon mesh, the crude protoplast filtrates were sedimented by centrifugation for 3 min at 100g. The purified protoplasts were suspended in W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 1.5 mM MES/KOH, pH 5.6) and counted in a haemocytometer.
Confocal microscopy and in vivo imaging of organelles All microscopic observations were performed using a Zeiss LSM 510 confocal laser-scanning microscope (LSM510/ConfoCor2, Carl-Zeiss, Jena, Germany). H 2 DCFDA, FDA, and Rh123 signals were visualized with excitation at 488 nm and emission at 500-550 nm using a band-pass filter, and chloroplast autofluorescence (488 nm excitation) was visualized at 650 nm with a long-pass filter. MitoTracker Red CMXRos signals were visualized in another detection channel using a 543 nm excitation light from a He/Ne laser and a 565-615 nm band-pass filter. MitoSOX Red signals were visualized using a 510 nm excitation light and a 565-615 nm band-pass filter.
Reconstruction of three-dimensional (3D) structures
To reconstruct and visualize the 3D structures of the mitochondria, serial continuous z-axis optical sections were captured at 0.50 µm intervals. The confocal images were first processed using LSM Image Browser version 3.2, and 3D images were then obtained with the video tool in the Corel Video Studio Pro X4 software. A series of optical sections of mitochondria labelled by MitoTracker Red CMXRos in WT, AOX1a-OE, and the aox1a mutant with or without Al treatment were obtained by confocal laser-scanning microscopy, and then processed to reconstruct 3D projections by rotating these figures through certain angles along the y-axis (Bi et al., 2009; Li et al., 2013b) .
Preparation of isolated mitochondria
Mitochondria were isolated from protoplasts of 3-week-old Arabidopsis leaves using a method described previously (Møller and Rasmusson, 2005) , and were used immediately.
Ultrastructural analysis
Arabidopsis mesophyll protoplasts were fixed and embedded as described previously (Yao et al., 2001 (Yao et al., , 2004 . For the observation of mitochondrial morphology, the samples were photographed under a transmission electron microscope (Philips CM-120; FEI Company, USA) at an accelerating voltage of 120 kV. For each treatment, at least three replicates were fixed and 10 sections from each replicate were analysed. The relative mitochondrial area was calculated using ImageJ 1.42 based on the images of mitochondria (n=50).
Determination of mitochondrial swelling
Isolated mitochondria treated with Al were suspended with 0.2% (W/V) BSA, and the concentration of mitochondrial proteins was adjusted to approximately 0.5 mg ml -1 . For mitochondrial membrane permeability detection, the absorbance at 540 nm was determined with an ultraviolet spectrophotometer (Rotem et al., 2005; Zhang and Xing, 2008) .
Protein extraction and caspase activity assays
Protoplasts (2 × 10 5 protoplast ml -1 ) were placed on 24-well plates and incubated with 500 μM Al. At the indicated time points, protoplasts were harvested and kept at -80 °C. For protein extraction, treated protoplasts were resuspended in lysis buffer (50 mM Tris/HCl, pH 8.0, 15 mM NaCl, 1% Triton X-100, and 100 mg ml -1 of phenylmethylsulfonyl fluoride) and incubated on ice with gentle shaking on a level shaker for 30 min. Samples were centrifuged for 5 min at 12 000g and 4 °C, and the supernatants were transferred to new 1.5 ml tubes. Protein concentrations were determined by the Bradford method. Caspase-3-like activity was measured by determining the cleavage of the fluorogenic caspase-3-like substrate Ac-DEVDpNA using supernatant prepared from cell lysates. The extent of Ac-DEVD-pNA cleavage was measured as the change in absorbance at 405 nm (A 405 ) because of the release of free fluorescent pNA.
Flow cytometry analysis
A flow cytometry FACScanto II (Becton Dickinson, Mountain View, CA, USA) equipped with BD FACSDiva acquisition software was used to analyse the changes in ROS and mitochondrial transmembrane potential (MTP). A 488 nm laser was used as the excitation source for the fluorescence of ROS and MTP. Unstained protoplasts under the same physiological conditions were used as autofluorescence controls. Protoplasts were incubated with 2 μg ml -1 of Rh123, 5 μM H 2 DCFDA, or 5 μM MitoSOX Red for 30 min at room temperature and then subjected to flow cytometry analysis. For each sample, 1 × 10 4 protoplasts were gated. Histograms were processed with FCS Express software. The marker bar H was set to indicate the cells with high fluorescence efflux. Fluorescent efflux was measured by counting cells in the H region of the plot (Chen et al., 2006) .
Total RNA extraction and quantitative reverse transcription-PCR (qRT-PCR)
Total RNA was extracted from Arabidopsis mesophyll protoplasts of 3-week-old Arabidopsis according to the manufacturer's instructions using TRI reagent (Sigma). The concentration of RNA was determined by measuring A 260 . First-strand cDNA was synthesized with the SuperScript II First-Strand Synthesis System for qRT-PCR (Invitrogen). qPCR amplification was carried out using ACTIN as an endogenous control. SYBR Green probes for each gene were used. The primers are listed in Supplementary Table S1 at JXB online. PCR was carried out using 50 ng of cDNA and SYBR PCR Master Mix (TaKaRa) following the manufacturer's protocol. Relative quantitation of each single gene expression was performed using the comparative threshold cycle method.
Western blotting
Protein extracts were separated using SDS-PAGE and then western blotted. For detection of total AOX protein, blots were probed with a 1:1000 dilution of a monoclonal mouse anti-AOX antibody (Agrisera, Sweden) (Finnegan et al., 1999) . Subsequently, blots were washed and incubated with an anti-rabbit horseradish peroxidaseconjugated secondary antibody. Blots were stained with Ponceau S and probed with an antibody (Agrisera, Sweden) recognizing the large subunit of Rubisco to confirm even loading and transfer. The intensity of blots was analysed using ImageJ software.
Quantization of respiration
Oxygen uptake by protoplasts was determined by use of a Clarktype oxygen electrode apparatus (Hansatech, King's Lynn, UK). After Al treatment, the protoplasts were withdrawn and put into the reaction chamber directly without washing, and consumption of oxygen was determined immediately under continuous mixing condition at 25 °C. To establish the discrimination for the alternative and cytochrome oxidases, the protoplasts were pre-treated with 1 mM KCN, an inhibitor of complex IV, or 20 mM SHAM, an inhibitor of AOXs prior to measurement (Delpérée and Lutts, 2008) .
Measurement of the fresh weight of Arabidopsis seedlings
At the indicated times of Al treatment of Arabidopsis seedlings, the leaves from WT, aox1a, or AOX1a-OE seedlings were collected. The fresh weight was measured immediately. Each experiment was repeated five times.
Results
Changes in AOX1a expression levels under Al treatment
First, endogenous total AOX protein content was immunoprecipitated with specific monoclonal anti-AOX antibody using Al-treated Arabidopsis protoplasts. As shown in Fig. 1A , the total AOX protein was increased to 468.8 and 681.2% of the control when treatment with 0.5 mM Al for 30 and 60 min, respectively. In the Arabidopsis genome, there are five AOX-encoding genes: AOX1a, AOX1b, AOX1c, AOX1d, and AOX2 (Giraud et al., 2008) . Given the complexity of the expression of different AOX genes in response to adverse stresses, changes in transcript proportions of the five types of Arabidopsis AOX genes were investigated in Al-treated Arabidopsis protoplasts (Fig. 1B) . The results of qRT-PCR showed that only AOX1a, among the five AOX genes, was significantly increased in transcript level under 0.5 mM Al treatment. The transcript level of AOX1a was notably increased after Al treatment for 30 min (Fig. 1B) , which was consistent with the change in AOX total protein level (Fig. 1A) .
Overexpression of AOX1a alleviates Al-induced Arabidopsis death
To assess the impact of AOX1a under Al stress, an Arabidopsis mutant lacking the AOX1a gene (aox1a) and an AOX1a-overexpressing mutant, AOX1a-OE, were used. A comparison among aox1a, AOX1a-OE, and WT Arabidopsis of morphology in the same leaf position was taken. As shown in Fig. 2A , after treatment 0.5 mM Al for 12 d, the leaves of WT Arabidopsis lost greenness gradually and those of the aox1a mutant turned yellow rapidly and died, whereas those of AOX1a-OE remained green for a long period. A similar effect was observed for shoot weight following treatment of 0.5 mM Al for 12 d (Fig. 2B) . The role of AOX1a in Al-induced protoplast death was then investigated (Fig. 2C, D) . The results showed that aox1a protoplasts exhibited a much lower viability (25 ± 5%, P<0.01) than WT protoplasts (51 ± 3%, P<0.05) after 60 min of Al treatment. However, in the AOX1a-OE protoplasts, the viability after 60 min of Al treatment was up to 80 ± 4% (P>0.05) (Fig. 2C, D) .
AOX1a alleviates the caspase-3-like activation induced by Al
To further explore the alleviatory effect of AOX1a on Al-induced programmed cell death (PCD), the activity of caspase-3-like protein was examined. The effect of AOX1a on caspase-3-like activation was investigated using the caspase-3 fluorogenic substrate Ac-DEVD-pNA after 0.5 mM Al treatment. In Al-treated protoplasts of AOX1a-OE, the Al-induced caspase-3-like activation was effectively delayed and reduced; in contrast, in the aox1a protoplasts, Al-induced caspase-3-like activation was significantly enhanced (Fig. 3) . Similar results were obtained using Förster resonance energy transfer imaging of caspase-3-like protease activation in transfected protoplasts with the fusion protein ECFP-DEVD-EYFP under Al treatment ( Supplementary Fig. S2 at JXB online).
Overexpression of AOX1a alleviates Al-induced disturbance of mitochondrial morphology and MTP loss
The role of AOX1a in the alterations in mitochondrial position or shape, and MTP loss were monitored during Al treatment of Arabidopsis protoplasts (Figs 4 and 5). To visualize the mitochondrial dynamics, protoplasts were loaded with MitoTracker Red CMXRos, a cell-permeant dye contained a mildly thiol-reactive chloromethyl moiety for labelling mitochondria. After 0.5 mM Al treatment, most of the mitochondria in WT protoplasts clustered (Fig. 4A) . Lack of an AOX1a gene resulted in much more severe clustering of mitochondria, and overexpression of AOX1a eased the clustering of mitochondria (Fig. 4A) . These results obtained by living imaging techniques were confirmed by ultrastructural analyses and mitochondria swelling analyses (Figs 4B-D and Supplementary S3 at JXB online). Additionally, the mitochondrial area increased after 0.5 mM Al treatment indicating a swelling of the mitochondria. More enlarged mitochondria were found in the aox1a mutant compared with the WT exposed to Al treatment, while overexpression of AOX1a reduced the swelling of the mitochondria (Fig. 4C) . Moreover, mitochondrial swelling can also be detected as a rapid absorbance loss at 540 nm (Rotem et al., 2005) . Our results showed that treating isolated mitochondria of WT protoplasts with 0.5 mM Al led to a progressive decline in their absorbance at 540 nm (Fig. 4D ). Isolated mitochondria of aox1a protoplasts exhibited much lower absorbance values (P<0.01) than that of WT mitochondria (P<0.05) at 60 min after Al treatment. However, in the isolated mitochondria of AOX1a-OE protoplasts, the decrease in A 540 values at 60 min after Al treatment was obviously inhibited (P>0.05) (Fig. 4D) . Subsequently, the role of AOX1a in the Al-induced change of MTP was examined using Rh123, a specific fluorescent probe to monitor active mitochondria. After 0.5 mM Al treatment, Rh123 fluorescence began to decrease at 20 min, and at 80 min the protoplasts were stained at a very low intensity or not stained (Fig. 5A) . The AOX1a-OE protoplasts could be stained with Rh123 compared with WT protoplasts at 80 min after Al treatment, and the aox1a protoplasts lost Rh123 fluorescence as early as 60 min after Al treatment (Fig. 5A) . To confirm the results of the single-cell experiment, flow cytometry analysis was carried out (Fig. 5B, Supplementary Table  S2 at JXB online). The marker bar H was set to indicate cells with high Rh123 efflux. Rh123 efflux was measured by counting cells in the H region of the plot. The percentage of WT protoplasts exhibiting a high MTP decreased to 38.59 ± 3.6% after 60 min of Al incubation (Fig. 5B , Supplementary Table  S2) . However, about 76.96 ± 6.3% of AOX1a-OE protoplasts still exhibited a high MTP after 60 min of Al treatment, and only about 11.16 ± 5.1% of aox1a protoplasts exhibited a high MTP after 60 min of Al treatment (Fig. 5B , Supplementary Table S2 ).
Overexpression of AOX1a enhances alternative respiration under Al treatment
Total respiration, CN-resistant respiration, and SHAMresistant respiration were evaluated in Al-treated Arabidopsis protoplasts. Figure 6 shows that, under Al treatment, the total respiratory flux exhibited an obvious decrease, and alternative respiration was notably increased in the WT Arabidopsis, and the mean contribution of the alternative (AOX) pathway to total flux was increased from 8.4 ± 1.2 to 38.4 ± 6.5% after treatment with 0.5 mM Al for 60 min (Supplementary Table S3 at JXB online). In aox1a protoplasts, alternative respiration was inhibited and a larger decrease in total respiratory flux was obtained than that of WT; in contrast, in AOX1a-OE protoplasts, the inhibition of total respiratory flux was obviously alleviated and the proportion of alternative respiration was much higher than that of WT (Supplementary Table S3 ). Additionally, no significant difference in SHAM-resistant respiration was found in the loss or overexpression of Arabidopsis AOX1a compared with WT Arabidopsis exposed to 20 µM SHAM in the presence or absence of Al treatment.
Overexpression of AOX1a alleviates mitochondrial ROS burst induced by Al
Our previous studies showed that the generation of ROS, such as H 2 O 2 and superoxide anion (O 2 -), occurs in mitochondria and plays crucial roles in the stress response (Li and Xing, 2011) . Hence, the role of AOX1a in H 2 O 2 production in Al-treated protoplasts was investigated. The marker bar H was set to indicate cells with high dichlorodihydrofluorescein (DCF) fluorescence efflux. DCF efflux was measured by counting cells in the H region of the plot. Flow cytometry analysis showed that, after 0.5 mM Al treatment, the amount of aox1a protoplasts exhibiting a high level of DCF fluorescence was much more than that of WT protoplasts, and the AOX1a-OE protoplasts exhibited a much lower level of DCF fluorescence (Fig. 7A, C) . Furthermore, the co-localization of DCF and MitoTracker Red CMXRos fluorescence in single protoplasts and the quantitative kinetics of H 2 O 2 production monitored in isolated mitochondria demonstrated that overexpression of AOX1a alleviated mitochondrial H 2 O 2 production under Al treatment ( Supplementary Fig.  S4 at JXB online).
Subsequently, the role of AOX1a in the production of mitochondrial O 2 -was measured. The marker bar H was set to indicate cells with high MitoSOX Red fluorescence efflux. MitoSOX Red efflux was measured by counting cells in the H region of the plot. Flow cytometry analysis showed that, after 0.5 mM Al treatment, the number of aox1a protoplasts exhibiting a high level of MitoSOX Red fluorescence was much more than the WT protoplasts, and the AOX1a-OE protoplasts exhibited a much lower level of MitoSOX Red fluorescence (Fig. 7B, D) . Furthermore, imaging of MitoTracker Red CMXRos fluorescence in single protoplasts and the quantitative kinetics of O 2 -production monitored in isolated mitochondria demonstrated that overexpression of AOX1a alleviated mitochondrial O 2 -production under Al treatment ( Supplementary Fig. S5 at JXB online).
Overexpression of AOX1a alters the transcriptional level of stress-related genes under Al treatment
Mitochondrial pentatricopeptide repeat domain protein 40 (PPR40), ascorbate peroxidase 2 (APX2), catalase 1 (CAT1), and mitochondrial Mn-superoxide dismutase (Mn-SOD) are all reported to play protective roles in the plant stress response (Giraud et al., 2008; Morgan et al., 2008; Xing et al., 2008; Zsigmond et al., 2008 ). Hence, we tested whether overexpression of AOX1a could influence their expression under Al stress. Our results showed that, in the control conditions without Al treatment, the transcript levels of these genes were higher in AOX1a-OE protoplasts compared with that of WT protoplasts (Fig. 8) . Under 0.5 mM Al treatment, the transcript levels of these genes were notably enhanced in the AOX1a-OE protoplasts, but in the aox1a protoplasts, the increase in transcript level of these genes was obviously inhibited (Fig. 8) . Fig. 3 . Caspase-3-like activity tested in an in vitro assay using caspase-3 substrate in Al-treated protoplasts. Extracts from protoplasts treated with 0.5 mM Al at the indicated times were used. Caspase-3-like activity was measured by determining the cleavage of the fluorogenic caspase-3-like substrate Ac-DEVD-pNA using supernatant prepared from cell lysates. The samples were incubated with 200 mM Ac-DEVD-pNA in assay buffer containing phenylmethylsulfonyl fluoride and EDTA. (Fig. 1A) , western blot analysis showed that pre-treatment with MitoSOX Red significantly suppressed the increase of total AOX protein level (Fig. 8A) . Additionally, a similar repressed effect was also found in AOX1a gene expression after pre-treatment with MitoSOX Red (Fig. 8B) . For further confirmation, the mitochondrial Mn-SOD-lacking mutant msd1 was used. The marker bar H was set to indicate cells with high MitoSOX Red fluorescence efflux. MitoSOX Red efflux was measured by counting cells in the H region of the plot. Flow cytometry analysis showed that lack of Mn-SOD caused the higher level of mitochondrial O 2 -under 0.5 mM Al treatment (Fig. 9C) , and in the msd1 mutant the expression of AOX1a gene was significantly increased (Fig. 9D) . Moreover, experiments with the NADPH oxidase inhibitor diphenyleneiodonium and the respiratory burst oxidase homologue rbohD/F mutant exhibited that NADPH oxidase, another major source of cellular O 2 -production, was not involved in the upregulation of AOX1a gene expression under Al treatment ( Supplementary  Fig. S6 at JXB online). These results indicated that upregulation of the AOX1a gene might be dependent on mitochondrial O 2 -production.
Discussion
This study was an attempt to understand the role of AOX in Al-induced mitochondrial dysfunction and PCD, through the investigation of a number of phenomena in Al-exposed Arabidopsis protoplasts. Our study revealed that overexpression of AOX1a alleviated Al-induced mitochondriadependent PCD. This conclusion was backed up by the following results: (i) in the early stages of Al-induced PCD, translation of AOX was increased, and further analysis revealed that AOX1a functioned mainly in Al-induced PCD;
(ii) overexpression of AOX1a alleviated Al-induced PCD; (iii) confocal and ultrastructural analysis as well as analysis by mitochondrial absorbance at 540 nm demonstrated that overexpression of AOX1a inhibited mitochondrial swelling and clustering and MTP loss; (iv) overexpression of AOX1a increased the AOX respiration pathway but had no significant effect on the cytochrome respiration pathway; additionally, overexpression of AOX1a enhanced the gene expression of antioxidant enzymes and PPR40, thus decreasing the content of ROS, which was demonstrated by confocal and flow cytometry analysis; (v) Al-induced O 2 -generation could enhance the gene expression of AOX1a indicating an intrinsic anti-PCD signalling pathway in Arabidopsis.
Enhanced expression of AOX induced by Al-induced O 2 -
AOX, a nuclear-encoded protein, is one of two terminal oxidases in the mitochondrial respiratory chain of all plants (Millenaar and Lambers, 2003) . AOX is often dramatically induced and plays protective roles in the plant response to adverse stresses (Millenaar and Lambers, 2003; Noctor et al., 2007; Giraud et al., 2008; Panda et al., 2008; Sierra-Campos et al., 2009; Panda et al., 2013) . Our studies demonstrated that Al can dramatically induce the increase of AOX transcript and translation levels ( Fig. 1) , consistent with previous findings (Panda et al., 2008; Li and Xing, 2011) . Additionally, owing to the expression of AOX in a time/tissue/stressdependent manner (Figueira and Arruda, 2011) , the type of AOX functioning in Al-induced PCD was also investigated. Only AOX1a, among the five Arabidopsis AOXs, was increased significantly in transcript level under Al treatment (Fig. 1B) . The activity of AOX is regulated by several mechanisms at both transcription and post-translation levels, and cellular ROS levels are reported to induce AOX expression Amirsadeghi et al., 2006 Amirsadeghi et al., , 2007 Li et al., 2013a) . In this work, our experiments showed that -inhibited the Al-induced increase in AOX1a expression, and excessive production of mitochondrial O 2 -promoted the Al-induced increase in AOX1a expression (Fig. 9) . Additionally, NADPH oxidase is the major source of cytosolic O 2 -induced by a variety of abiotic and biotic stress (Sagi and Fluhr, 2006) . The effect of cytosolic O 2 -on the gene expression of AOX1a was also explored. Our data showed that loss of expression of RbohD and RbohF had no significant influence on AOX1a gene expression ( Supplementary Fig. S6 ), which indicated that the increased AOX1a gene expression was not due to cytosolic oxidative damage under Al stress. These results indicated that upregulation of the AOX1a gene induced by Al might be dependent on mitochondrial O 2 -production.
Overexpression of AOX1a alleviates Al-induced PCD and dysfunction of mitochondria
Given the key role of AOX in the stress-induced response (Vanlerberghe and McIntosh, 1997) , overexpression of AOX1a in transgenic Arabidopsis was used to explore the role of AOX in response to Al stress. It was shown that overexpression of AOX1a obviously suppressed Al-induced leaf yellowing and protoplast death of Arabidopsis, as well as effectively alleviating the caspase-3-like activation induced by Al (Figs 2, 3 , and S2). These results indicated that overexpression of AOX1a could alleviate Al-induced PCD. Our previous work showed that Al can cause the mitochondrial dysfunction that leads to the execution of PCD (Li and Xing, 2011) . AOX is a terminal ubiquinol oxidase that is located on the substrate side of the cytochrome bc 1 complex in the mitochondrial respiratory chain (Moore et al., 2013) . Accordingly, a possible link between AOX and maintenance of mitochondrial function in Al-induced stress was investigated. Confocal and ultrastructural analysis revealed that overexpression of AOX1a alleviated the mitochondrial clustering induced by Al (Fig. 4A, B) . Statistical analysis of mitochondrial area showed that inhibited mitochondrial swelling was found in AOX1a-OE Arabidopsis under Al-induced stress (Fig. 4C) , which was further proved by the analysis of absorbance at 540 nm (Fig. 4D) . Additionally, a similar alleviatory effect of overexpression of AOX1a was also found in MTP loss (Fig. 5) . All of the above data suggested that overexpression of AOX1a alleviated the dysfunction of mitochondria induced by Al stress. 
Overexpression of AOX1a inhibits Al-induced mitochondrial ROS accumulation
Our previous work demonstrated that Al can induce mitochondrial ROS production, which plays vital roles in Al-induced mitochondrial dysfunction and PCD (Li and Xing, 2011) . The former study also revealed that AOX plays a crucial role in reducing the mitochondrial oxidative stress burden (Panda et al., 2013) . Therefore, the mitochondrial ROS levels in Arabidopsis overexpressing AOX1a under Al treatment were investigated. It was shown that overexpression of AOX1a effectively alleviated the massive production of mitochondrial ROS, especially the accumulation of mitochondrial O 2 -(Figs 7, S4, and S5, Supplementary Table S3) . Additionally, an obviously enhanced total respiration was found in AOX1a-OE Arabidopsis (Fig. 6A) , which was due mainly to the enhanced AOX respiratory capacity (Fig. 6B) . The upregulated respiratory capacity might facilitate the continuous turnover of the tricarboxylic acid cycle and the rearrangement of cellular energy under Al stress (Finnegan et al., 2004) .
Another critical role for AOX respiration is alleviating the excess production of ROS. In mitochondria, the main source of ROS is the mitochondrial electron transport chain. Complexes I and III of the mitochondrial electron transport chain are recognized as the major sites for ROS generation (Li and Xing, 2011) . The electron flow through AOX bypasses complexes III and IV and is uncoupled with proton translocation, and therefore AOX might reduce electron flow via the main cytochrome pathway (Møller, 2001) . Here, a SHAMresistant respiration (similar to the cytochrome pathway) was also determined in AOX1a-OE Arabidopsis under Al-induced stress. Interestingly, no significant difference in SHAMresistant respiration was found among aox1a, AOX1a-OE, and WT Arabidopsis during the process of Al-induced stress (Fig. 6C) . A previous study revealed that mitochondrial proteomic adaptation requires cross-talk between the nucleus and mitochondria to adjust the expression of genes encoding mitochondrial proteins that are involved in the stress response (Sluse et al., 2006) . In AOX1a-lacking plants, the transcripts encoding proteins involved in the synthesis of anthocyanins, transcription factors, chloroplastic and mitochondrial components, cell-wall synthesis, and sucrose and starch metabolism changed (Yoshida et al., 2007; Giraud et al., 2008) . Therefore, we investigated the expression of several tolerancerelated genes under Al treatment. In this study, we found that in AOX1a-OE Arabidopsis, PPR40, Mn-SOD, CAT1, and APX2 were highly expressed even without any Al treatment, and overexpression of AOX1a significantly enhanced the expression of these genes under Al stress (Fig. 8) . The increased gene expression of antioxidant enzyme may enhance the cellular ROS-scavenging capacity and avoid the excess accumulation of mitochondrial ROS. The upregulation of the PPR40 gene expression might enhance the stability of mitochondrial respiration and evade the impairment of electron transport through complex III, resulting in decreased mitochondrial ROS production (Zsigmond et al., 2012) . These results suggested that AOX1a might act as a survival protein to maintain mitochondrial function by reducing mitochondrial ROS levels and enhancing the expression of stress-tolerant genes.
In conclusion, our data indicated that mitochondrial O 2 -production promoted upregulation of the AOX1a gene under Al stress, and overexpression of AOX1a alleviated Al-induced mitochondria-dependent PCD by maintaining the mitochondrial function and promoting the expression of protective functional proteins. Our study contributes to the understanding of the mitochondria-dependent mechanism of the Arabidopsis response to Al stress, and provides new insights into the signalling cascades that modulate the Al phytotoxicity mechanism. 
